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E-mail address: dscl@wz.zj.cn (F. Lu).Purpose: To determine corneal biomechanical properties in patients with high myopia.
Design: Observational study.
Methods: High myopia patients (n = 45, age: 37.0 ± 12.6 years) with refractive errors of spherical equiva-
lent (SE) greater than 9.00 D were recruited in this study along with healthy subjects (n = 90, age:
33.7 ± 12.4 years) with refractive errors of SE ranging from 0 D to 3.00 D. Only the right eye was studied.
Central corneal thickness (CCT) was measured by optical coherence tomography (OCT). Metrics of corneal
biomechanical properties, including corneal hysteresis (CH) and corneal resistance factor (CRF), were
measured with the Ocular Response Analyzer (ORA). The ORA also determined the values of intraocular
pressure (IOPg) and corneal compensated IOP (IOPcc).
Results: No signiﬁcant differences of CCT and CRF were present between the two groups (P = .15 and 0.35
for CCT and CRF, respectively); however, CH in the high myope group was lower than that in the controls
(P < .01). IOPg and IOPcc were both signiﬁcantly higher in the high myopes compared to the controls. In
both groups, there were signiﬁcant correlations between CH and CCT and between CRF and CCT. CH
was not signiﬁcantly correlated with age in either the control group or the high myope group (P > .05).
There was a signiﬁcant correlation between CH and SE when the two groups were combined for analysis.
Conclusion: CH, but not CRF, was signiﬁcantly lower in high myopia patients compared to that in normal
subjects. The results indicate that some compromised aspects of the biomechanical properties of cornea
may exist in people with high myopia.
 2008 Published by Elsevier Ltd.1. Introduction and corneal dimensions and function in Chinese subjects. Com-A high degree of myopia is one inwhich the refractive error is be-
tween 6.00 and 15.00 diopters (D) (Grossniklaus & Green, 1992),
and extreme myopia is deemed in excess of 15.00 D (Magallanes,
Shah, Zadok, Chayet, Assil, Montes, & Robledo, 2001). The prevalence
of highmyopia is approximately 2% in the general Caucasian popula-
tion (Grossniklaus&Green, 1992),while theprevalence inyoungChi-
nese individuals is around 20% (Lin, Shih, Hsiao, Chen, Lee, & Hung,
2001). Sight-threatening pathologic retinal impairments such as ret-
inal degeneration, choroidal degeneration, retinal detachment, and
choroidalneovascularizationoccur in70%ofhighmyopes (Grossnikl-
aus & Green, 1992), and high myopia complications are the fourth
leading cause of blindness in England andWales (Sorsby, 1966).
Changes of the anterior segment in high myopia are still under
debate (Chang, Tsai, Hu, Lin, & Shih, 2001; Cho & Lam, 1999). Using
an ultrasonic pachymeter, Chang and associates (Chang et al.,
2001) demonstrated an association between the refractive errorElsevier Ltd.
ry interest in any materials orpared to normal subjects, high myopes had a ﬂatter corneal curva-
ture, decreased corneal thickness, and decreased endothelial
density. This contrasts with an earlier study by Cho and Lam
who used the same ultrasonic pachymeter but did not ﬁnd these
changes in the cornea (Cho & Lam, 1999). Fam et al. reported that
the central corneal thickness (CCT) measured by the Orbscan II
pachymeter had no correlation with myopia in Chinese adults
(Fam, How, Baskaran, Lim, Chan, & Aung, 2006).
Intraocular pressure (IOP) is an important biometric parameter
of myopia. Previous studies indicated that a thin cornea may cause
an underestimation error in IOP measurement (Medeiros &
Weinreb, 2006). However, Edwards and Brown found that the
average IOP value in myopic children was signiﬁcantly higher than
in non-myopic children (Edwards & Brown, 1993). Prior to the
onset of myopia, there was no difference between the IOP in the
high myope and control groups (Edwards & Brown, 1996). When
IOP was measured by non-contact tonometry, there was no corre-
lation between IOP and the axial length in Chinese children (Lee,
Saw, Gazzard, Cheng, & Tan, 2004). To our knowledge, there are
no studies that determine if the progression of myopia induces
changes in corneal biomechanical properties, including viscosity,
elasticity, hydration, stiffness, and other factors.
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of which are derived by the Reichart Ocular Response Analyzer
(ORA), were proposed by Luce and Taylor as indicators of corneal
biomechanical properties. As detailed elsewhere (Luce, 2005), CH
is a phenomenon that results from the viscous damping inherent
in the cornea when an air pulse is directed against it, causing a
momentary deformation. CRF is an empirically determined param-
eter that reﬂects the overall resistance of the cornea (Ortiz, Pinero,
Shabayek, Arnalich-Montiel, & Alio, 2007). In previous studies
(Gatinel, Chaabouni, Adam, Munck, Puech, & Thanh, 2007; Luce,
2005), CH was found to be signiﬁcantly lower in keratoconus,
Fuchs’ dystrophy, post-laser in situ keratomileusis (LASIK), and
glaucoma. Congdon et al. found that CH was correlated with cor-
neal thickness, and a lower CH was associated with progressive
worsening of the visual ﬁeld in glaucoma patients (Congdon, Bro-
man, Bandeen-Roche, Grover, & Quigley, 2006).
The aim of this study was to measure the corneal biomechanical
properties of CH and CRF in highly myopic patients. By comparing
the corneal biomechanical properties of highly myopic and healthy
subjects, the relationship between high refractive error and corneal
biomechanical properties can be further delineated.2. Subjects and methods
2.1. Subjects
The experimental study was approved by the Ofﬁce of Research
Ethics, Wenzhou Medical College, and informed consent was ob-
tained from each subject. Each was treated in accordance with the
tenets of the Declaration of Helsinki. Forty-ﬁve subjects (32 females
and 13 males, age: 37.0 ± 12.6 years, range: 11–63 years) were re-
cruited sequentially among patients presenting to the HighMyopes
Service at the Eye Hospital, Wenzhou Medical College, Wenzhou,
Zhejiang, China. Only patients with spherical equivalent (SE) refrac-
tive errors of more than 9.00 D in both eyes were included in the
study. The mean manifest refractive error (± standard deviation) of
the SE of right eye was 17.84 ± 4.72 D (range: 9.13 to
29.00 D), with an average refractive error of cylinder 1.80 ±
1.63 D (range: 0 to 5.50 D). The control group consisted of 90 vol-
unteers (51 females and 39 males, age: 33.7 ± 12.4 years, range:
12–65 years) recruited through the hospital, including relatives of
the subjects and employees of the hospital. The subjects were in-
cluded as controls if their refractive errors of SE were between
3.00 and 0 D and the best corrected distance visual acuities were
not less than 20/20. The mean refractive error of SE and cylinder
was0.56 ± 0.86 D (range:3.00 to 0 D) and0.11 ± 0.27 D (range:
0 to1.25 D), respectively. Subjectswithprevious eye surgery, glau-
coma, diabetesmellitus, other acute or chronic diseases, or historyof
wearing contact lenses were excluded in both groups.2.2. Instrumentation
An optical coherence tomography (OCT) system (OCT-3, Carl
Zeiss Meditec, Inc., Dublin, CA) was used to measure the CCT as de-
scribed in detail in our previous studies (Lu, Xu, Qu, Shen, Wang,
Fang, & Wang, 2007; Wang, Fonn, Simpson, & Jones, 2002, 2003).
Brieﬂy, the OCT system, which uses 820-nm light with an axial res-
olution of 10 lm, was modiﬁed by adding a set of lenses on the
probe to focus the OCT beam onto the cornea for better imaging
of the central cornea. The scan width was set at 3 mm and the ac-
tual scan width with the adapter was measured to be 3 mm. To en-
sure that the OCT scanned the central location, all subjects were
asked to stare at a ﬁxation target within the OCT. When the obser-
vation and scanning axes were coaxial, the scanning axis was
orthogonal to the corneal surface. Under these conditions, a clearreﬂection was obtained on a monitor, and the OCT image was
recorded. There were 500 axial scans in each image and 1024 pix-
els in each axial scan.
CCT was obtained using custom software developed at
Wenzhou Medical College. Image processing was conducted to
yield the corneal thickness, similar to previous studies (Lu
et al., 2007; Muscat, McKay, Parks, Kemp, & Keating, 2002;
Wang et al., 2002, 2003). In brief, the central 30 axial scans
were unusable due to specular reﬂex. After removal, the
remaining central 21 axial scans were aligned by the ﬁrst peak
and averaged to generate a reﬂectivity proﬁle. The corneal
thickness was deﬁned in this proﬁle as the distance between
the ﬁrst and last peaks.
The ORA (Reichert Ophthalmic Instruments, Depew, NY) was
used tomeasure non-contact tonometer intraocular pressure (IOPg)
andcornealhysteresis (CH). Thedeviceutilizeda rapid air impulse to
deform the cornea, and the shape changes were monitored by an
electro-optical system. The air puff induced inward and outward
applanations of the cornea. The twopressureswere averaged to pro-
vide the IOPg. CH was calculated as the difference between the two
pressures caused by the inward and outward applanations. The
repeatability of CH in 20 healthy eyes of 10 subjects, determined
as the standard deviation of the measured differences between
two consecutive days, was 0.8 mm Hg (Lu et al., 2007).
CRF and corneal-compensated IOP (IOPcc) were also derived
from speciﬁc combinations of the ORA-induced inward and out-
ward applanation values. The values were derived using proprie-
tary algorithms based on the results of a large-scale clinical data
analysis according to the manufacturer (Luce, 2006). CRF is sug-
gested as an corneal ‘‘resistance” factor (Luce, 2006) and related
to CH and CCT. The strong association between CRF and CCT has
been demonstrated from data analysis by Kotecha, Elsheikh, Rob-
erts, Zhu, and Garway-Heath (2006) and is in agreement with the
prediction by the manufacture (Luce, 2006). IOPcc is a pressure
measurement that utilizes the new information provided by the
CH measurement to provide an IOP value that is claimed to be less
affected by corneal properties than Goldmann applanation tonom-
etry (Medeiros & Weinreb, 2006).
2.3. Procedure
Potential participants for this study were screened to determine
their eligibility. A biomicroscopic examination was used to ensure
no corneal disease was present. Both automated and subjective
refractions were performed to measure refractive errors and the
best distance visual acuity. For eligible subjects, the clinical histor-
ical data were obtained, including date of birth, gender, self-iden-
tiﬁed race or ethnicity, and time since diagnosis as a highly
myopic patient of the study group.
Measurements of the right eye on each subject were conducted
by OCT and ORA. Each subject was assigned a random order for
OCT or ORA examination and ﬁrst eye measured. Three ORA mea-
surements were made on each eye. To reduce the effects of corneal
diurnal variation, all examinations were performed between 10:00
AM and 5:00 PM by a technician who was experienced in carrying
out the study protocol.
2.4. Statistics
Values were presented as means with standard deviation. Data
analysis was conducted using Statistical Package for Social Science
(SPSS) version 13.0 for Windows XP (Cary, NC, USA). Independent
sample t-tests were used to determine signiﬁcant differences be-
tween the two groups. The Pearson correlation coefﬁcient was
used to test correlations between variables. P-values less than .05
were considered signiﬁcant.
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There were no signiﬁcant differences in CCT (P = .152) and CRF
(P = .351) between the two groups. However, the CH of the high
myope group, 9.93 ± 1.73 mm Hg, was signiﬁcantly lower than
the control group (P < .001, Table 1). In contrast IOPg,
13.87 ± 3.31 mm Hg, and IOPcc, 14.55 ± 3.51 mm Hg, were signiﬁ-
cantly higher (P < .001) in the high myope group compared to the
controls.
For both the high myope and control groups, there were signif-
icant correlations between CH and CCT (Fig. 1) and between CRFTable 1
Biomechanical measurements in highly myopic and control subjects
High myope groupa Control groupb P
CCT (lm) 535.2 ± 37.3 526.7 ± 29.8 .152
CRF (mm Hg) 8.26 ± 2.04 8.57 ± 1.63 .351
CH (mm Hg) 9.93 ± 1.73 11.11 ± 1.49 .000
IOPg (mm Hg) 13.87 ± 3.31 11.54 ± 2.80 .000
IOPcc (mm Hg) 14.55 ± 3.51 10.47 ± 3.31 .000
a n = 45.
b n = 90.
Fig. 1. Correlation between CH and CCT. There was a strong correlation between CH
and CCT for both highly myopic and control subjects.
Fig. 2. Correlation between CRF and CCT. There was a strong correlation between
CRF and CCT for both highly myopic and control subjects.
Fig. 3. Correlation between CRF and SE. There was no signiﬁcant correlation
between CRF and SE when control and highly myopic subjects were combined for
analysis.and CCT (Fig. 2). Neither IOPg nor IOPcc was signiﬁcantly correlated
to SE in the two groups. Similarly, CH was not signiﬁcantly corre-
lated with the refractive error of SE in either the high myopia group
(r = .155, P > .05) or the control group (r = .006, P > .05). When con-
trol subjects and patients were combined for analysis, there was no
signiﬁcant correlation between either CRF or CCT with SE (Figs. 3
and 4); however, there was a signiﬁcant correlation between CH
and SE (P < .001, Fig. 5). CH was not signiﬁcantly correlated with
age in either the control group or the high myopia group (P > .05,
Fig. 6).Fig. 4. Correlation between CCT and SE. There was no signiﬁcant correlation
between CCT and SE when control and highly myopic subjects were combined for
analysis.
Fig. 5. Correlation between CH and SE. A signiﬁcant correlation between CH and SE
was present when control and highly myopic subjects were combined for analysis.
Fig. 6. Correlation between CH and age. There was no signiﬁcant correlation
between CH and age in the highly myopic or control subjects.
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As shown by Luce (2005), CH is altered in some clinical condi-
tions such as Fuchs’ dystrophy, keratoconus, LASIK, and glaucoma.
These corneal pathologies and physiological variations may induce
changes of corneal biomechanical properties and lead to decreases
in CH. For instance, patients with Fuchs’ dystrophy have decreased
endothelial cell density, thicker Descemet’s membrane, and the
corneal central region is usually involved. Other corneal patholog-
ical conditions such as stromal and epithelial edema as well as the
early and late stages of keratoconus also affect CH. In glaucoma pa-
tients, decreases in CHwere associated with progressive worsening
of the visual ﬁeld (Congdon et al., 2006). Some studies showed that
CH decreased after LASIK surgery (Luce, 2005; Pepose, Feigenbaum,
Qazi, Sanderson, & Roberts, 2007). Gatinel et al. (2007) suggested
that reduction in the CH after LASIK surgery may be the result of
combined corneal thinning caused by ablation and creation of
the ﬂap.
CH remained constant in a study of diurnal variation of IOP
(Kida, Liu, & Weinreb, 2006). It was also unaltered when corneal
thickness exceeded 10% of the baseline immediately after removal
of a contact lens from covered eyes (Lu et al., 2007). In the present
study, subjects with high myopia had lower CH. While the damage
to the cornea could not be conﬁrmed, we hypothesize that the low-
er CH indicates that some aspects of the biomechanical properties
of the cornea have become altered. Scleral biomechanical proper-
ties such as stiffness decrease during the progression of myopia be-
cause of pathologic changes in the scleral collagen (Grossniklaus &
Green, 1992). The corneal stroma is composed of a collagenous
extracellular matrix that is continuous with the sclera (McBrien
& Gentle, 2003). But interestingly, Gentle, Liu, Martin, Conti, and
McBrien (2003) found that collagen synthesis in the cornea did
not change signiﬁcantly in tree shrews following 5 days of myopia
development; however signiﬁcant decreases took place either in
the posterior sclera or in the total sclera.
Our results showed that CH was negatively correlated with SE
when the two groups were combined for analysis. This may indi-
cate that the degree of myopia has an important role in the change
of CH. We also hypothesize that the higher myopia, the more alter-
ations occur in biomechanical properties of cornea. However, we
did not follow the progression of myopia for these patients, and
long term follow-up studies may be warranted to clarify these
relationships.
In the current study, where the CH was signiﬁcantly reduced
in the highly myopic group, the CCT was not signiﬁcantly dif-
ferent from the control group. These ﬁndings conﬁrm the re-sults of other studies of myopic patients with regard to CCT
(Chang et al., 2001; Cho & Lam, 1999; Fam et al., 2006). A rea-
sonable explanation for this phenomenon remains elusive. Some
studies showed changes of anterior segment in high myopia.
Chang et al. (2001) found decreased corneal thickness and endo-
thelial density. However in other studies, CCT did not change
(Fam et al., 2006) and had no correlation with myopia (Cho &
Lam, 1999). Whether or not microstructural damage (Chang
et al., 2001; Gentle et al., 2003; Grossniklaus & Green, 1992;
McBrien & Gentle, 2003; Pedersen, Hjortdal, & Ehlers, 2005;
Rada, Shelton, & Norton, 2006) in the cornea occurs during
the development of myopia, especially in the highly myopic
stage, needs to be conﬁrmed.
According to Luce (2006), CRF is an optimized corneal biome-
chanical parameter that is independent of IOP and is strongly cor-
related with CCT in normal subjects. CRF is decreased in patients
with keratoconus and LASIK (Ortiz et al., 2007; Pepose et al.,
2007), and in each of these diseases, CCT also decreased due to cor-
neal damage or surgery. The variations of CCT are associated with
changes in corneal integrity that in turn may cause changes in CRF.
After contact lens wear with eye closure for 3 h, CRF increased and
there was a signiﬁcant correlation between corneal swelling and
CRF (Lu et al., 2007). Thus the CRF may be related to corneal hydra-
tion and possibly some other as yet unknown aspects of corneal
biomechanics. In our study, CRF was correlated with CCT in both
groups, but neither of them was correlated with SE in either group.
These relationships indicate that CRF is a corneal factor that re-
ﬂects the integrity of cornea. The lack of association of CRF with
the degree of myopia indicates that some aspects of the CRF are
still not understood.
Edwards found that the average IOP measured by Goldmann
applanation tonometry in myopic children was signiﬁcantly higher
than that in non-myopic children (Edwards & Brown, 1993). In an-
other study they found (Edwards & Brown, 1996) that myopic sub-
jects had higher IOP than the controls or subjects who did not
develop myopia. In our study, IOPg and IOPcc measured by ORA
in the highly myopic group were signiﬁcantly higher than the con-
trol group. In contrast, using non-contact tonometry, Lee et al.
(2004) did not ﬁnd any signiﬁcant correlations between IOP and
axial length. The degree of refractive error and the method of mea-
suring IOP may be the reasons for the difference between these
studies. Corneal biomechanical properties potentially affect the
accuracy of IOP measurements (Medeiros & Weinreb, 2006). The
relationship between CCT and IOP is non-linear and may be differ-
ent in the corneas of normal eyes and eyes with chronic diseases
(Liu & Roberts, 2005). In our subjects with high myopia, CCT and
CHwere lower than normal controls. If the ‘‘true” IOP was the same
in the control group and patients with high myopia, then the mea-
sured IOP should be lower in the myopic group. However, the mea-
surements of IOP by both ORA and Goldmann applanation
tonometry were higher than normal controls. This may indicate
that the ‘‘true” IOP in myopia could be higher than expected. This
discrepancy may not be solely explained by corneal biomechanical
differences, and the origin of this phenomenon is still unclear until
further studies on true IOP are done.
In the present study, there was no signiﬁcant difference in CRF
between the high myopic and control groups. According to Luce
(2005),
CH ¼ P1  P2
Here, P1 is the ﬁrst inward applanation pressure and P2 is the second
outward applanation pressure.
CRF can be expressed by the following equation (Luce, 2006),
CRF ¼ k1  ðP1  0:7  P2Þ þ k2
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Combined these two equations above, the CRF can be expressed
as follows:
CRF ¼ k1  ðP1  P2Þ þ 0:3  k1P2 þ k2
Thus, this expression shows that the change of CRF appears to be
partially due to the change of CH (P1P2) and a portion of the P2.
In the present study, CH was found signiﬁcant lower in high myopes
and the CRF remained unaltered. It can be hypothesized that the P2
should be increased possibly due to increased IOPg, resulting in no
changes of CRF in the myopic group.
In conclusion, CH was signiﬁcantly lower in high myopia pa-
tients compared with normal subjects. However CRF was similar
in both groups. The results indicate that some compromised as-
pects of the biomechanical properties of cornea may exist in people
with high myopia.
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